Negative-sense RNA viruses assemble large ribonucleoprotein (RNP) complexes that direct replication and transcription of the viral genome. Influenza virus RNPs contain the polymerase, genomic RNA and multiple copies of nucleoprotein (NP). During RNP assembly, monomeric NP oligomerizes along the length of the genomic RNA. Regulated assembly of the RNP is essential for virus replication, but how NP is maintained as a monomer that subsequently oligomerizes to form RNPs is poorly understood. Here we elucidate a mechanism whereby NP phosphorylation regulates oligomerization. We identified new evolutionarily conserved phosphorylation sites on NP and demonstrated that phosphorylation of NP decreased formation of higher-order complexes. Two phosphorylation sites were located on opposite sides of the NP:NP interface. In both influenza A and B virus, mutating or mimicking phosphorylation at these residues blocked homotypic interactions and drove NP towards a monomeric form. Highlighting the central role of this process during infection, these mutations impaired RNP formation, polymerase activity and virus replication. Thus, dynamic phosphorylation of NP regulates RNP assembly and modulates progression through the viral life cycle.
Introduction
Influenza viruses are major human respiratory pathogens that cause isolated seasonal outbreaks as well as the sporadic emergence of severe pandemics [1] . Influenza A virus (Orthomyxoviridae) is a segmented, negative-sense RNA virus. Like all other negative-sense RNA viruses, the influenza virus genome associates with the viral RNA-dependent RNA polymerase and multiple copies of the viral nucleoproteins (NP) to form ribonucleoprotein complexes (RNP) [2] . Within the RNP, the hetero-trimeric polymerase (composed of subunits PB1, PB2 and PA) catalyzes both transcription of viral messages and replication of the viral genome using an RNA template that is encapsidated by oligomeric NP [2, 3] . The regulated oligomerization of NP and assembly of the RNP is absolutely essential for successful infection, yet how influenza virus controls the formation of these multi-subunit complexes is largely unknown.
Upon infection, viral RNPs are released in to the host cell cytoplasm and actively transported to the nucleus [4] . In the nucleus, incoming RNPs are transcribed by their resident polymerase through a cap-snatching mechanism utilizing short host-derived 7mG-capped RNAs to prime synthesis of influenza mRNAs [5] . Synthesis of new proteins from the resultant mRNAs enables replication of the viral genome. Replication is primer independent and proposed to be performed in trans by a "free" RNA polymerase that copies the vRNP template to create positive-sense complementary-RNA (cRNA) [6] . cRNA synthesis is accompanied by concomitant encapsidation by NP to form cRNP complexes [7] . These cRNPs then direct the synthesis of new viral RNAs (vRNAs) and vRNPs that may be transcribed, template further replication, or be packaged into progeny virions.
cRNPs and vRNPs assume double helical structures composed of repeating NP subunits coating the genomic RNA [8] [9] [10] [11] [12] . Both genomic termini are located at the same end of the RNP where they are bound by the viral polymerase. This structural organization can be attributed to extensive intermolecular contacts between individual molecules of NP and between NP and genomic RNA. NP oligomerization occurs via a small "tail loop" (aa402-428) that projects away from the body of the protein and inserts into the binding groove of the interacting protomer [13, 14] . Multiple interactions between the tail loop and binding groove, notably a critical salt bridge between R416 of the tail loop with the E339 of the groove, contribute to self-association of NP and its ability to support RNP formation [13] [14] [15] [16] [17] [18] . Additional contacts outside of the tail loop:binding groove interface are also important for the formation of higher-order structures; NP makes secondary intersubunit contacts thought to be important for helical strand formation, binds RNA via a patch of conserved basic residues located opposite the tail loop, and associates with the polymerase via conserved residues in a surface loop [9, 14, 19, 20] .
Current models suggest that an NP monomer is initially recruited to form RNPs through direct interaction with the viral polymerase and binds to the nascent 5' end of the viral genome [7] . This nucleates RNP assembly which is followed by NP:NP homo-oligomerization [8, 9, 13, [21] [22] [23] . The NP tail loop likely undergoes a conformational change during oligomerization, where it extends away from the body of the protein and fully exposes the RNA-binding surface [24] . RNA binding stabilizes the replication intermediates, and RNA binding and oligomerization are likely cooperative [24] [25] [26] . Incoming NP molecules unidirectionally extend the oligomer by inserting their tail loop into the binding groove of a pre-existing complex [14, 24, 25, 27] .
When expressed alone, influenza NP self-assembles into oligomers and binds cellular RNA in a sequence-independent fashion [13, 14, 20, 24, 28] . Yet, RNP assembly during infection requires a fraction of NP to be maintained in an RNA-free monomeric form prior to its assembly into bona fide viral RNP complexes [24, 29] . Small molecules that disrupt this balance, by either inhibiting or forcing premature oligomerization, prevent RNP assembly and inhibit virus replication [16, [30] [31] [32] . Thus, in infected cells a regulated process must maintain a pool of NP monomers and simultaneously allow for the ordered assembly of new RNPs. Non-segmented RNA viruses solve this problem by encoding the phosphoprotein P. P maintains nucleoprotein in an RNA-free monomeric form and chaperones its assembly into the RNP [33] [34] [35] [36] . Segmented RNA viruses like influenza lack any analogous viral proteins. It is currently unknown how influenza virus maintains a pool of monomeric, RNA-free NP that then dynamically changes to a high-order oligomeric state and encapsidates genomic RNA in the RNP.
NP is phosphorylated during infection, with patterns changing throughout the infectious cycle and dependent on both the viral strain and the host cell [37] [38] [39] [40] . Phosphorylation occurs primarily on serine residues, several of which have been recently mapped in a phosphoproteomic survey of influenza virus proteins [24, 37, [39] [40] [41] . It was proposed over 35 years ago that phosphorylation may regulate its function [39] , but the mechanism (s) remained largely unknown. Here we show that phosphorylation of NP inhibits oligomerization in cells and define the molecular mechanisms by which this modification impairs RNP formation. We identified three serine residues at the NP:NP interface that regulate oligomerization and play a critical during viral replication. We show that two of these residues are phosphorylated during infection. One of our newly identified phosphorylation sites, NP S407, resides in the tail loop, whereas the previously identified phosphorylation site S165 is at the entrance to the binding groove. Thus we demonstrate that phosphorylation on either side of the binding interface blocks NP:NP interactions. An additional residue at the binding groove entrance, S486, contributes to regulated assembly by preventing hyper-oligomerization. Mutation of these evolutionarily conserved residues or introduction of phosphomimetics distorts the monomer: oligomer balance in cells and severely impairs polymerase activity and virus replication. We show that a similar regulatory mechanism controls influenza B virus NP, suggesting a common strategy used throughout influenza virus genera. Our findings show that the regulated conversion of NP between mono-and oligomeric states is important for RNP formation, gene expression and viral replication, and support a model by which dynamic phosphorylation of NP regulates the viral replication machinery by controlling NP oligomerization.
Results

Phosphorylation negatively regulates NP self-association
The mechanisms controlling NP oligomerization and RNP formation are poorly understood, although it has been recently suggested that post-translation modifications may be key regulators of this process [24, 41, 42] . We sought to examine whether phosphorylation of NP can modulate its oligomerization state in cells. Using the prototypical influenza strain A/WSN/ 33 as a model, the oligomerization state of NP was assessed by expressing protein in human 293T cells and separating the lysate by size exclusion chromatography. Wild-type (WT) NP formed a wide distribution of different oligomeric species with only a very minor portion eluting in the monomeric fractions ( Fig 1A) . In contrast, the previously characterized oligomerization-defective mutant NP R416A shifted dramatically to lower molecular weight species and eluted with a large portion of the protein in the monomer fractions. These data argue that the large majority of NP in cells spontaneously oligomerizes and that only a very minor fraction exists as a monomer. These findings agree with previous observations [17] and establish a robust system to analyze NP oligomerization in cells.
Phorbol 12-myristate 13-acetate (PMA) stimulates the phosphorylation of NP, presumably by activating its target proteins, protein kinase C (PKC) family members, and their downstream effectors [37] . To determine the effect of NP phosphorylation upon its oligomerization, cells expressing NP were treated with PMA and the phosphatase inhibitor okadaic acid prior to lysis and fractionation. PMA treatment significantly shifted the distribution of NP towards the monomeric fractions, suggesting phosphorylation inhibits oligomerization. Moreover, a distinct species of NP migrating more slowly in the gel was detected in the PMA-treated samples, suggestive of a hyperphosphorylated form. Treatment of the cell extracts with phosphatase completely eliminated the slower migrating species (Fig 1B) , confirming that PMA stimulation induces NP hyperphosphorylation resulting in slower migration. The hyperphosphorylated species of NP was enriched in the lower molecular weight complexes (Fig 1A) , further confirming that phosphorylation negatively regulates NP oligomerization and shifts NP towards a monomeric state. NP is phosphorylated in the tail loop and this regulates polymerase activity and viral replication Phospho-labeling has shown that most NP phosphorylation occurs on serine residues [37] . We therefore exploited an unbiased approach to identify serines that are important for polymerase function. Using the NP structure [13, 14] , prior phospho-peptide analyses [43] , and sequence conservation as a guide, we identified and mutated to alanine 20 surface-exposed serines that could potentially be phosphorylated (Fig 2A) . Mutated serines were located in all three major structural domains-the head, body, and tail loop-and included residues identified by phosphoproteomics (i.e. S9, S402/403, S457 and S473). We also mutated the previously identified phosphorylation site at position 3 [43] , which in the A/WSN/33 strain is a threonine.
High-throughput polymerase activity assays were performed in human cells expressing NP, the viral polymerase proteins PB1, PB2 and PA, and a vRNA-like reporter. To ensure sensitivity to minor changes in function, NP was expressed at limiting concentrations. Most NP mutants displayed activity within 2-fold of WT. Many of these mutations removed previously identified phosphorylation sites, indicating that not all phosphorylation sites in NP are essential for viral gene expression (Fig 2A and [41, 43, 44] ). Strikingly, mutation at S407 and S486 drastically reduced polymerase function supporting less than 10% of the activity of WT NP. To determine if any of the NP mutants selectively block replication versus transcription, we repeated these assays using a cRNA-like reporter that requires at least one round of replication before it can serve as a template for mRNA production (Fig 2B) . The NP S407A and S486A mutants continued to demonstrate severe defects in polymerase activity. However, no additional defects in NP function were revealed as all of the other mutants retained activity within 2-fold of WT. Immunofluorescence also showed that mutation at S407 or S486 did not alter the dynamic subcellular localization of NP (S1 Fig) . Similar to WT, both NP S407A and S486A localize to the nucleus at early time points and redistribute to the cytoplasm at later time points. These data identify serine residues 407 and 486 in NP as important for supporting polymerase function.
Our findings motivated a focused analysis of NP phosphorylation to determine if S407 and/ or S486 are post-translationally modified. NP was purified from infected cells and subject to high resolution mass spectrometry ( S2A Fig and S1 -S5 Tables). From this work we identified two new phosphorylation sites in the NP tail loop at S407 (Fig 2C) and S413 (Fig 2D) . Two additional phosphorylation sites, S402, S403 were also identified in this experiment (S2B and S2C  Fig) . Phosphorylation had previously been partially localized to the tandem S402/S403 in the WSN strain [37, 41] , but here we uniquely identify both of these residues as phosphorylation sites. These data show that tail loop is subject to multiple phosphorylation events. Interestingly, the NP S402A/S403A mutant exhibited only minor changes in polymerase activity (Fig 2B) , suggesting that phosphorylation at this position is not essential for NP activity. As expected, phosphorylation was also identified at NP S165 (S2D Fig) , a phosphorylation site that has been described previously and is important for polymerase activity [24, 41] . Despite identifying peptides containing residue S486, phosphorylation was not detected at this position.
To determine if these phosphorylations at the NP:NP interface are important for polymerase activity, we created phosphomimetic mutants and tested their functionality in polymerase activity assays where NP was expressed in excess, to best mimic conditions during infections. NP S407D and S413D mimic tail loop phosphorylations, while S165D mimics phosphorylation in the binding groove where the tail loop from the neighboring protomer interacts. Polymerase activity was severely impaired by the tail loop mutant NP S407D and was indistinguishable from background levels obtained in the absence of NP (Fig 3A) . This was an additional 10-fold decrease in activity compared to NP S407A. Similarly, the binding groove mutant S165D dramatically reduced polymerase activity. By contrast, NP S413D exhibited modest defects reducing polymerase activity by only~50%, indicating that S413 is not an essential sites, and this position was not analyzed further. Confirming earlier results, even with higher levels of NP the S486A mutant at the entrance to the binding groove supported polymerase activity at only~20% of the WT level. Western blotting confirmed comparable expression of WT and mutant NPs (Fig 3A) .
Primer extension assays were performed to directly monitor production of viral RNAs in the presence of the NP mutants identified in our screen. Influenza polymerase in the presence of WT NP produced large amounts of viral mRNA in addition to low levels of the replication intermediate cRNA (Figs 3B and S3) . vRNA was exogenously expressed and present in all conditions, increasing slightly in the presence of WT NP compared to conditions where the polymerase was absent. The NP mutants S407A, S486A, and S407D demonstrated decreased or undetectable levels of mRNA, cRNA, and vRNA when compared to WT NP. Compared to WT NP, the viral polymerase produced only 20-30% the amount of mRNA and background levels of cRNA in the presence of NP S407A or S486A (S3 Fig) . In agreement with our polymerase activity assays, NP S407D exhibited the strongest defect with activity completely ablated. These mutants disrupted both gene transcription and genome replication, suggesting a defect in the early stages of RNP assembly.
Recombinant influenza virus was generated to test the impact of mutations at S486 and the phosphorylation sites S165 and S407 in the biologically relevant context of a viral infection.
Multicycle replication assays were performed by infecting cells with virus encoding WT or mutant NP. Virus encoding NP S165A or S486A replicated to 10-fold lower levels than WT. NP S407A was the most severely attenuated, demonstrating a~1000-fold decrease in viral titers compared to WT from 24-72 hours post-infection (hpi). Our results differ from those reported with A/Victoria/3/1975 strain, where NP S407A was functional in polymerase activity assays, although this was not tested with a recombinant virus [45] . NP S407A has also been suggested to possess a temperature sensitive phenotype [46] . Whether these different properties attributed to NP S407 arise from differences in experimental systems and viral strains, or possibly represent the presence of a redundant regulatory mechanism remains to be determined. The strength of the replication defect in our system for S407A and S486A mutants paralleled results from the polymerase activity assay. Despite multiple attempts, we were unable to rescue viruses encoding NP S407D, even when complementing with WT NP in trans, indicating an extreme defect caused by mimicking constitutive phosphorylation at this site. To further examine the function of S486, we tested the hypothetical scenario of S486 phosphorylation by assessing replication of the phosphomimetic NP S486D. Although phosphorylation was not detected at NP S486 (Fig 2 and [41] ), this residue is located at the entrance to the binding groove opposite the phosphorylation site S165 and if it were phosphorylated it might impact engagement of the tail loop from incoming NP. The NP S486D mutation resulted in an intermediate phenotype, reducing replication an additional~10-fold when compared to NP S486A (and~100-fold when compared to WT), but was not as defective as NP S407A. Thus, our high-throughput polymerase activity assay identified conserved serine residues in NP that are important for high-level virus replication, including at least one novel phosphorylation site.
Phosphorylation on either side of the NP:NP interface prevents multimerization
Our data demonstrate that NP S165, S407, and S486 are important for viral replication (Fig 3) . These residues are located at the NP:NP interface where the tail loop of one protomer inserts into the binding groove of the neighboring molecule, and S165 is known to be phosphorylated and important for oligomerization [13, 14, 41, 47, 48] . Combined with our data that NP S407 is phosphorylated (Fig 2C) and that phosphorylated NP favors a monomeric state (Fig 1) , this immediately suggested that phosphorylation may interfere with oligomerization. Intersubunit interactions are dominated by hydrogen bonds and a critical salt bridge between R416 in the tail loop and E339 in the binding groove (Fig 4A) [13, 15] . Phosphorylation and/or mutation to alanine, which removes hydrogen bonding potential, is likely to significantly alter the local binding environment. The structure of NP suggests that S407 in the tail loop has the potential to participate in multiple hydrogen bonds with the binding groove, including with S165. Moreover, S486 is located at the entrance to the binding groove, opposite S165. In addition to disrupting hydrogen bonds important for oligomerization, the structures of NP suggest that a phosphate could not be accommodated at either S165 or S407 in the oligomer [13, 14] . To test these possibilities, we analyzed the oligomerization of recombinant, RNA-free protein. After extended incubation in solution to permit oligomerization to reach equilibrium [20] , proteins were analyzed by size exclusion chromatography (Fig 4B) . WT NP elutes as a mixture of monomeric and multimeric species, whereas the S165D mutation created an exclusively monomeric peak, as previously reported [20, 48] . The WT NP oligomer elutes as a broad peak, therefore to determine the exact oligomerization state individual fractions were analyzed by transmission electron microscopy. The recombinant NP oligomers are composed of different ring shaped molecules, ranging from trimers to hexamers (Figs 4B and S4) . No such structures were observed in the monomer fraction.
NP mutants S165A and S407A eluted exclusively as monomers (Fig 4B) , demonstrating that in the absence of RNA these serines are essential for oligomerization of recombinant NP, likely through H-bonding interactions between the tail loop and binding grove. The phosphomimetic NP S407D was also monomeric, suggesting that phosphorylation at this position may negatively regulate NP:NP assembly. By contrast, NP S486A showed the opposite effect, shifting the entire population to the oligomeric state. Transmission electron micrographs of the peak fraction showed that the S486A mutant forms ring-shaped structures ranging from trimer to hexamers, identical to WT NP (Figs 4B and S4). No monomeric peak was detected, suggesting that S486 is important in balancing the equilibrium of NP:NP interactions. NP S486 is located at the entrance to the binding groove opposite the known phosphorylation site S165, and NP S165D disrupts NP oligomerization. We asked whether a hypothetical phosphorylation at S486 on the other side of the binding groove might also disrupt oligomerization. Indeed, whereas NP S486A shifted the equilibrium completely to the oligomeric state, the phosphomimetic NP S486D was almost completely monomeric ( Fig 4B) .
NP undergoes a number of post-translational modifications and interacts with several cellular factors, some of which have been proposed to modulate NP function [41, [49] [50] [51] . It is therefore important to assess NP oligomerization and its potential regulation by phosphorylation in eukaryotic cells. WT or mutant NPs were expressed in 293T cells and their self-association was assessed by size-exclusion chromatography after rigorous RNase treatment. Again, WT NP showed a characteristic distribution of different oligomeric forms and only a minor population of monomers, while the oligomerization mutant NP R416A eluted as a lower molecular weight species close to the expected position of a monomer (Fig 5) . Paralleling results with recombinant protein, the mutants S407A and S407D drove NP towards a monomeric state, with the phosphomimetic NP S407D producing the most pronounced shift in oligomerization of all the mutants examined (Fig 5) . Similarly, the NP mutants S165A and S165D also assumed a larger proportion of lower molecular weight complexes and the phosphomimetic mutant exhibited a more pronounced phenotype. NP S165A purified from cells possessed notably more multimers than the bacterially expressed RNA-free protein, in agreement with the high degree of oligomerization observed for NP S165A purified from insect cells [47] . Mutations at NP S486 induced an intermediate effect. As seen in vitro, NP S486A from cells eluted largely as an oligomer, although the distribution is more compact than the wild-type protein. Introducing The crystal structure of NP suggests potential intermolecular H-bonding between S407 of the tail loop and residues S165, S264 and S267 in the groove, indicated by dotted lines [13] . (B) RNA-free WT, mutant, and phosphomimetic NP were purified from bacteria and analyzed by size exclusion chromatography. NP monomer and oligomer peaks are marked. Heterogeneity within the oligomeric WT and NP S486A populations was detected by negative stain electron microscopy, revealing NP trimers, tetramers, pentamers and hexamers. NP S486D restored a more pronounced monomer population, but did not fully recapitulate the oligomerization defect of the recombinant protein. Our cell-based results thus reinforce those obtained with recombinant proteins. Together, these data identify new residues that make critical inter-subunit contacts during NP oligomerization and provide evidence that phosphorylation at the NP:NP interface directly regulates self-association. Phosphorylation disrupts tail loop-binding groove interactions essential for RNP assembly
We and others have shown that NP mutants with altered oligomerization profiles reduced polymerase activity and viral replication (Figs 2-5 and [16] [17] [18] ). Each of these events is dependent upon successful formation of viral RNPs. To specifically investigate whether changes in NP self-association perturbs viral RNP formation in the presence of the viral polymerase and genomic RNA, NP mutants were used in an RNP reconstitution assay. In this assay viral RNPs were reconstituted in human cells by expressing the viral polymerase (PB2-HA, PB1 and PA), WT or mutant NP, and a vRNA-like template. The efficiency of RNP formation was determined by immunoprecipitating the viral polymerase via PB2-HA to isolate RNPs and detecting co-precipitated NP by western blotting. WT NP co-purified with the viral polymerase indicating efficient RNP formation (Fig 6A) . As a control, the NP mutant E339A, which disrupts the critical inter-NP salt bridge [16] , severely impaired RNP formation. Mutation of the phosphorylation sites NP S407 and S165 or introduction of phosphomimetics caused significant decreases in RNP formation, despite expression levels similar to WT. NP S486A showed a similar reduction in RNP formation, whereas S486D showed intermediate levels of RNP formation. Given that NP and free PB2 can interact directly and may result in co-precipitation independent of polymerase trimerization and RNP formation [52] , we repeated these experiments isolating RNPs via PA-FLAG immunoprecipitation. PA and NP do not interact directly, therefore co-precipitation can only occur via interactions with the trimeric polymerase (Fig 6B) . These experiments yielded identical results, where all of the NP mutants were severely impaired for RNP formation except for S486D that displayed an intermediate phenotype. These data analyzing RNP formation agree with the polymerase activity assays performed earlier that showed a significant loss of function for these mutants (Figs 2 and 3A) . Notably, NP mutants that were primarily monomeric (e.g. S165D, S407D) or that were exclusively oligomeric (e.g. S486A) exhibited similar defects in RNP assembly.
To confirm that this defect in RNP formation is a result of the abnormal NP oligomerization and not due to any defects in NP-polymerase interactions, the binary interactions between NP and PB2 or PB1 were tested for all of the mutant proteins (Fig 6C and 6D) . Lysates containing NP and either PB2 or PB1 were subject to NP immunoprecipitation and co-purification of the interacting partner was detected by western blot. To eliminate any non-specific complex formation containing cellular RNA, lysates were treated with high amounts of RNase A before immunoprecipitation. WT and mutant NP precipitated similar amounts of PB2 (Fig 6C) and PB1 (Fig 6D) , suggesting that mutations at the NP:NP interface do not interfere with binding to the polymerase. Moreover, all of the NP mutants displayed proper subcellular localization, present in the nucleus early after expression and exported to the cytoplasm at later time points (S1 Fig). These data highlight the essential role that regulated NP oligomerization plays in RNP formation and raise the possibility that a balanced equilibrium between monomeric and oligomeric forms is crucial for RNP assembly and function.
Based on our results, we hypothesized that phosphorylation at the NP:NP interface interferes with oligomerization through at least two possible mechanisms: 1) by modifying NP S407, thereby making the tail loop unsuitable for insertion into the existing oligomer, and 2) by modifying S165 and masking the binding groove to preclude accepting the tail loop from an incoming NP molecule. In both cases, phosphorylation would dynamically control NP:NP interactions and negatively regulate oligomerization and RNP formation. As NP can both be incorporated into a growing oligomer via its tail loop and subsequently accept a tail loop from the next incoming molecule, it is challenging to differentiate the exact oligomerization defect of our NP mutants using full-length protein. Therefore, we exploited a tail loop-binding groove interaction assay [16] . Binding assays were performed with a tail loop deletion mutant of NP (NPΔTL), which retains a functional binding groove but cannot self-associate due to the absence of the loop, and a GFP-tail loop fusion, which possesses only the tail loop (aa402-428). NPΔTL was co-precipitated by the GFP-tail loop fusion, but not with GFP alone, demonstrating a specific binary interaction between these two domains (Fig 7) . NPΔTL was mutated to determine the impact of phosphorylation on binding groove functionality. The binding groove was completely defective upon introduction of the phosphomimetic residues S165D or S486D (Fig 7A) . The GFP-tail loop protein was also investigated. The tail loop mutant S407A and the phosphomimetic S407D tail loop both failed to interact with NPΔTL ( Fig 7B) . All of the mutants were expressed equivalently to WT. These results suggest that phosphorylation at either side of the NP: NP interface blocks insertion of the tail loop into the binding groove and prevents NP oligomerization (Fig 7C) . Furthermore, they reinforce our earlier findings demonstrating oligomerization defects for these mutants in the context of full-length proteins (Figs 4 and 5) and suggest that modifications at this interface alone can regulate NP oligomerization, and the downstream processes of RNP formation, gene expression and replication, and ultimately virion production.
Phospho-regulation of NP oligomerization is conserved in influenza A and B viruses
Multiple structures of NP have been determined from diverse orthomyxoviruses, including influenza A virus [13, 14] , influenza B virus [53] , and even infectious salmon anemia virus [54] . While NP from different orthomyxoviruses displays limited sequence identity, the structures of each revealed a similar global architecture. Alignment of the tail loops from all of the influenza virus NP structures shows the structure of this region is completely conserved (Fig 8A) . Furthermore, critical phosphorylation sites and salt bridge residues are retained at the same positions (Figs 8A and S5): the serine residue at the entrance to the binding grove in influenza A virus NP (S165) is present in influenza B virus NP (S226), and the critical features of the tail loop from influenza A NP (S407 and the salt-bridge residue R416) are also shared by influenza B NP (S463 and R472, respectively). In both influenza A and B NP structures, the serine residues in the tail loop and binding groove are apposed at the NP:NP interface (Fig 8B) .
Phosphoproteomics of influenza B virus identified a phospho-peptide from the tail loop containing S463 [41] . We therefore used the tail loop-binding groove interaction assay to test whether oligomerization of influenza B NP (B/Brisbane/60/2008) is also regulated by phosphorylation. The tail loop of B NP was sufficient to mediate interactions with the binding groove, whereas mutation of the salt-bridge residue R472A disrupted binding (Fig 8C) . Phosphomimetics in either the tail loop (S463D) or the binding groove (S226D) completely ablated binding. Recombinant influenza B viruses encoding either wild type of phosphomimetic NP were used to assess the impact of these mutations on virus replication. Introduction of the phosphomimetic S463D into the tail loop of influenza B NP attenuated multicycle virus replication by at least 100-fold with respect to the wild type (Fig 8D) . Despite multiple attempts, we were unable to rescue virus encoding NP S226D, suggesting severe defects in function for this mutant. Thus, phosphorylation at the NP:NP interface controls homotypic binding and replication of influenza B virus, and phospho-regulation is a conserved mechanism modulating NP oligomerization for both influenza A and B viruses, and possibly other genera of Orthomyxoviridae.
Discussion
The influenza virus RNP directs gene expression and genome replication. During assembly of the RNP, NP dynamically changes from the RNA-free monomeric state to the high-order oligomeric state that encapsidates genomic RNA in the RNP [20, 48] . NP oligomerizes by inserting a tail loop from one NP protomer into the binding groove of the neighboring molecule [13, 14, 54] . This ordered assembly is essential for virus replication, as mutations or small molecules that dysregulate oligomerization impair RNP assembly and block virus replication [16, [30] [31] [32] ].
Here we demonstrate that phosphorylation of NP regulates RNP assembly. We identify key residues in NP important for assembly, including a new phosphorylation site, and define the molecular mechanism by which phosphorylation regulates self-association of both influenza virus A and B NP. Mimicking phosphorylation of residues at the NP:NP interface, either at the entrance to the binding groove or in the tail loop, inhibits oligomerization by specifically blocking insertion of the tail loop into the binding groove. Disrupting these residues severely impaired polymerase activity and virus replication. These data support a general model for Orthomyxoviridae where the dynamic phosphorylation of NP by host proteins plays a critical role in RNP assembly, and by extension genome replication and successful completion of the virus life cycle (Fig 9) . NP exists in cells as a mixture of monomers and oligomers of varying sizes [55, 56] . Our data confirm that the formation of high-order oligomers occurs spontaneously and does not require other viral proteins or genomic RNA (Fig 5) . Mutational analysis performed here identified serine residues that influence the transition of influenza A NP between these two populations (i.e. S165, S407 and S486). Unmodified serines at positions 165 and 407 are required for NP to form higher-order oligomers (Figs 4B and 5) . Mutation of these residues to alanine prevents oligomerization, due to the loss of important hydrogen bonds these serines make. By contrast, mutation to alanine of S486, which flanks the entrance to the binding groove, resulted in hyper-oligomerization (Figs 4B and 5) . The extreme C-terminus of NP, including S486 and F479 [18] , appears to inhibit oligomerization, possibly by reducing binding affinity between protomers or by helping to establish the conformation assumed by the monomeric form [24] . Thus, NP has residues that are required for direct contacts in the homotypic interactions as well as residues that control the assembly process, and single mutations can shift NP to largely monomeric or oligomeric states. Mutants that disturb the equilibrium distribution of NP impair RNP assembly and viral replication (Fig 3C) . Thus, both the assembly process and its regulation are critical for successful RNP formation and virus replication.
Stimulation of kinase activity in cells shifted NP towards a monomer, with phosphorylated NP further enriched in the lower molecular weight fractions. Phosphorylation was detected at influenza A NP S165 and S407 and phosphomimetics at these positions all inhibited oligomerization ( Figs 2D and 4B) . Similarly, a peptide containing S463 in influenza B NP is phosphorylated [41] and phosphomimetics at this position also inhibit binding (Fig 8C) In this scenario, phosphorylation actively blocks protein:protein interactions as phosphorylated residues cannot be accommodated at the interface due to steric clashes. However, phospho-regulation is not absolute as phosphorylated NP was detected in purified RNPs and virions, including phospho-S165 for influenza A NP and phospho-peptides containing S463 for influenza B NP [41] . It is possible the oligomerization is not continuous along the entire length of the RNP [20] , allowing phospho-NP to be incorporated at breaks in the NP chain. Additional factors have also been suggested to impact NP oligomerization, including RNA-binding [26] , interactions with host proteins [50] , secondary NP:NP interaction sites [20, 53] and conformational rearrangements [24] . Thus, phosphorylation is a major regulator of NP oligomerization and may work in tandem with these other processes to tightly control RNP assembly and function.
Our results show that the mechanisms of phospho-regulation are conserved for influenza A and B viruses. We used influenza A and B NP structures to create homology models and structure based alignments for influenza C NP and for NP from the provisionally classified influenza D genera (S5 Fig). These models position phosphorylatable residues in the binding groove and the tail loop at the crucial phosphorylation sites we identified (T169 and S418 for influenza C, and T161 and S416 for influenza D, respectively), as well as the salt-bridge pair at the tail loopbinding grove interface (E354 and R427 for influenza C, and E352 and R425 for influenza D). These interaction sites are well conserved both within and between influenza virus genera, but whether each site is absolutely essential or part of a partially redundant control pathway remains to be determined. It is therefore likely that the regulatory mechanism uncovered here for influenza A and B virus, wherein phosphorylation of NP at the inter-molecular interface blocks oligomerization, is likely shared amongst all influenza virus genera.
The results presented here show that shifting the balance between monomer and oligomer, in either direction, impairs RNP function and reduced the replication of influenza virus. We propose a working model for the regulated assembly of the RNP (Fig 9) . A portion of newly synthesized NP is phosphorylated to establish a pool of monomeric, RNA-free NP. Phospho-NP cannot be incorporated into growing RNPs, and might even compete for the polymerase to prevent premature RNP formation. At later times during infection, when genomic RNA synthesis and RNP formation dominates, NP is located to sites of assembly in a non-phosphorylated form. The non-phosphorylated form is then assembled into RNPs aided by the presence of nascent genomic RNA. The reversible nature of phosphorylation establishes a protected pool of monomeric NP that can rapidly transition to become substrate for RNP assembly, consistent with the changing patterns of NP phosphorylation that occur throughout the viral life cycle [37] . Influenza virus encodes neither a kinase nor a phosphatase, therefore it will be important to identify the cellular factors regulating NP phosphorylation as their manipulation might have broad antiviral activity across influenza A, B and C viruses while simultaneously reducing the emergence of resistant viruses by targeting host proteins.
Materials and Methods
Plasmids and antibodies
All genes were derived from the influenza A (A/WSN/33) or influenza B (B/Brisbane/60/2008) viruses. pET28a-NΔ7NP was constructed for bacterial expression of protein with a C-terminal His tag and a seven amino acid deletion on the N-terminus, as described [13] . pCDNA3.2-NP-V5 was constructed for eukaryotic expression. Mutations were introduced into the NP gene using the QuickChange mutagenesis kit (Agilent Technologies) and confirmed by sequencing. Polymerase proteins were expressed in cells from the plasmids pCMV-PB2-HA (encoding a C-terminal HA tag), pCDNA3-PA, pCDNA-PA-FLAG and pCDNA3-PB1 [57] . vNA-luc and cNA-luc reporter plasmids encode the firefly luciferase gene flanked by UTRs from the NA gene in the minus or positive sense, respectively [58] . The rescue vectors pTMΔRNP, pBD-PB2, pBD-PB1, pBD-PA and pBD-NP were used to generate recombinant influenza A virus and were based on the influenza reverse genetics system [59, 60] . Recombinant influenza B virus was generated in a similar fashion. Mutations were introduced into pBD-NP by inverse PCR and confirmed by sequencing. GFP:tail loop fusions were generated by inserting coding sequence corresponding to amino acids 402-428 (influenza A NP) or 459-486 (influenza B NP) downstream of GFP in the plasmid pEGFP-C1 (Clontech). Additional sequences were incorporated to encode a cysteine at each end of the tail loop and a four-glycine linker between GFP and the tail loop.
Antibodies used include: anti-HA clone 3F10 (Roche), anti-V5 (R961-25, Invitrogen), anti-GFP (B-2, Santa Cruz Biotech), anti-NP (H16-L10-4R5) [61] , anti-FLAG M2 (Sigma) and antiinfluenza virus RNP (BEI Resources NR-3133).
Protein expression, purification, biochemical analysis and electron microscopy
Wild type or mutant NPs were expressed in E. coli strain Rosetta 2 (DE3) (Novagen) and purified using Ni-NTA affinity (Qiagen). Purified proteins were treated with RNaseA and further purified through a HiTrap Heparin HP column (GE Healthcare). Proteins were concentrated to equivalent levels and oligomerization of NP was allowed to reach equilibrium by incubating purified protein at 4°C for 96 hours in buffer containing 50mM Tris, pH7.5, 200mM NaCl and 1mM TCEP. The oligomeric state of NP was subsequently analyzed by size exclusion chromatography through a Superose-6 column calibrated with size standards. For electron microscopy, peak fractions were immediately absorbed on a carbon-coated Cu-grid and stained with a freshly prepared 0.5% Uranyl acetate solution. Images were taken using a Tecnai T12 electron microscope operating at 120 kV with a magnification of 56,000.
To determine the oligomerization state in cells, NP-expressing 293T cells were lysed in 50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 and 0.5% NP40 containing protease and phosphatase inhibitor cocktails. Where indicated, cells were stimulated with 2.4 μM phorbol 12-myristate 13-acetate (PMA) and 100nM okadaic acid for 2 h before lysis. Total cell extract was clarified by centrifugation, treated with 50 μg/ml of RNaseA for 2 hours at room temperature, and fractionated through a Superose-6 column pre-equilibrated in lysis buffer. Fractions were probed by western blotting.
Polymerase activity assays and primer extension 293T cells were transfected in triplicate with plasmids encoding PA, PB1, PB2-HA, NP and vNA-or cNA-luciferase reporters. Polymerase activity was measured using the luciferase assay system (Promega) and NP expression was confirmed by western blotting. Primer extensions were performed as described [57] .
Immunoprecipitations
293T cells expressing NP and other interacting partners were lysed in radio-immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS) supplemented with 5mg/ml of BSA and clarified by centrifugation. Lysates were incubated with appropriate antibodies and immunocomplexes were captured on Protein A Dynabeads (Invitrogen). Beads were subsequently washed with RIPA buffer containing 500 mM NaCl and finally in RIPA buffer without BSA. Immunoprecipitates were analyzed by western blotting.
Rescue of recombinant viruses and multicycle replication assay
Recombinant virus was produced as described by transfecting a co-cultures of 293T and MDBK cells with rescue vectors [62, 63] . Media was replaced 24 hrs later with virus growth media (DMEM, 0.2% bovine serum albumin (BSA), 25 mM HEPES buffer, and 1 μg/ml TPCK trypsin). Virus was subsequently amplified in MDBK or MDCK cells and titered by plaque assay on MDCK cells using a 1.2% Avicel overlay (RC581; FMC Biopolymer) [64] . Multicycle replication assays were performed in triplicate by infection of MDCK cells and viral titers were determined at the indicated time points by plaque assay.
Mass spectrometry
MDCK cells were infected with WSN (MOI = 5) and samples were collected 2, 4, 6 and 8 hpi. Lysates were prepared in RIPA buffer supplemented with 2 mg/ml BSA and protease and phosphatase inhibitors, pooled, and subject to NP immunoprecipitation as described above. Samples were washed extensively in 10mM Tris pH 7.5, 100mM NaCl and 1mM EDTA and eluted with 8M urea. Purity was confirmed by SDS-PAGE of a small sample of eluted protein and the identity of NP was validated by western blot. The pooled protein sample was reduced with 5 mM dithiothreitol for 30 minutes at 55°C, alkylated with 15 mM iodoacetamide in the dark at ambient temperature for 45 minutes, and quenched by addition of 5 mM dithiothreitol [65] . The protein sample was diluted 1:1 with 50 mM Tris and 5 mM CaCl 2 and digested with 9 μg tryspin (Promega) overnight at room temperature. Resultant peptides were desalted using a tC18 Sep-Pak cartridge (Waters) and enriched for phosphorylation by immobilized metal affinity chromatography (IMAC) using Ni-NTA magnetic agarose beads (Qiagen) [66] . Both non-phosphorylated and phosphorylated peptide samples were resuspended in 14 μL of 0.2% formic acid and analyzed by mass spectrometry (MS). An 80 minute nano-liquid chromatography (nLC) gradient was used to introduce peptides to an Oribtrap Elite mass spectrometer (Thermo Scientific). Preliminary MS experiments used data dependent acquisition (DDA) to discover IMAC-enriched peptides which were present in the sample, using either collisonally activated dissociation (CAD) or higher-energy collisonial dissociation (HCD) to fragment eluting peptides [67] . Spectra obtained from these DDA experiments were searched against a concatenated target-decoy database containing the protein sequences of Canis familiaris and Influenza A (Uniprot) using Sequest within the Proteome Discoverer software package (Thermo Fisher). For all samples, cysteine carbamidomethylation and methionine oxidation were searched as fixed and variable amino acid modifications, respectively, and phosphorylation of serine, threonine, and tyrosine residues were searched as variable modifications. Precursor mass tolerance was defined as 40 ppm and fragment ion tolerance was set to 0.30 Da (ion trap MS/MS) and 0.02 Da (FT MS/MS) [68] . Search results were filtered to 1% false discovery rate (FDR) using precursor mass error. PhosphoRS [69] was used to localize phosphorylation to amino acid residues using a fragment mass tolerance of 0.02 Da, automatically considering neutral loss peaks for HCD and considering a maximum of 200 maximum position isoforms per phosphopeptide. Using the untargeted DDA MS approach, a singly phosphorylated peptide corresponding to site S165 was identified from the IMAC enriched sample, mapping to the sequence 163-MCpSLMQGSTLPR-174. Additionally, several peptide-spectral matches mapping to a singly phosphorylated peptide, 401-ASSGQISIQPTFSVQR-416, were identified from the untargeted MS experiments. Follow-up, targeted MS runs were used to isolate only the ASSG-QISIQPTFSVQR peptide m/z values corresponding to the phosphorylated peptide. Using targeted CAD or HCD, four distinct phosphoisoforms of the peptide were observed, with phosphorylations localized to the S402, S403, S407, and S413 residues.
Statistics
Data are presented as the mean +/-standard deviation (n3). For polymerase activity assays, data were normalized to WT and error was propagated throughout to yield normalized standard deviation.
Supporting Information S1 Table. Theoretical and observed sequencing ions, phosphorylation losses and neutral losses from the peptide MCpSLMQGSTLPR (pS165). Theoretical fragments are in black, whereas observed b fragments are highlighted in red and observed y fragments are in blue. (TIF) S2 Table. Theoretical and observed sequencing ions, phosphorylation losses and neutral losses from the peptide ApSSGQISIQPTFSVQR (pS402). Theoretical fragments are in black, whereas observed b fragments are highlighted in red and observed y fragments are in blue. (TIF) S3 Table. Theoretical and observed sequencing ions, phosphorylation losses and neutral losses from the peptide ASpSGQISIQPTFSVQR (pS403). Theoretical fragments are in black, whereas observed b fragments are highlighted in red and observed y fragments are in blue. (TIF) S4 Table. Theoretical and observed sequencing ions, phosphorylation losses and neutral losses from the peptide ASSGQIpSIQPTFSVQR (pS407). Theoretical fragments are in black, whereas observed b fragments are highlighted in red and observed y fragments are in blue. (TIF) S5 Table. Theoretical and observed The resultant structure-based alignment is shown. Conserved phosphorylation sites S165 and S407 in influenza A NP align with S226 and S463 in B NP, T169 and S418 in C NP, and T161 and S416 for D NP. Conserved secondary structure helices (h) and beta strands (e) are indicated. Alignment was created with PROMALS3D. Note that sequences derived from these structures do not contain complete N-and C-termini. (TIF)
